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The Lattice Strong Dynamics collaboration is investigating the properties of a SU(3)

gauge theory with Nf = 8 light fermions on the lattice. We measure the masses of
the lightest pseudoscalar, scalar and vector states using simulations with the nHYP

staggered-fermion action on large volumes and at small fermion masses, up to Mρ/Mπ ≈
2.2. The axial-vector meson and the nucleon are also studied for the same range of
fermion masses. One of the interesting features of this theory is the dynamical presence

of a light flavor-singlet scalar state with 0++ quantum numbers that is lighter than the
vector resonance and has a mass consistent with the one of the pseudoscalar state for

the whole fermion mass range explored. We comment on the existence of such state

emerging from our lattice simulations and on the challenges of its analysis. Moreover we
highlight the difficulties in pursuing simulations in the chiral regime of this theory using

large volumes.

1. Introduction

There is increasing evidence that non-abelian gauge theories with a large number

of flavors display interesting infrared features that are qualitatively different from

QCD. While experimental results can help our understanding of QCD, it is much

harder to study SU(3) gauge theories with many light flavors. Lattice simulations

offer a full non-perturbative description of the low energy regime for these models

with controllable and improvable uncertainties.

The Lattice Strong Dynamics (LSD) collaboration is currently performing a

high-quality lattice computation of many physical observables that can help our

understanding of the infrared dynamics in a SU(3) gauge theory with Nf = 8

massless fermions. Such a theory is one of the plausible candidates for a com-

posite Higgs model, based on the walking technicolor scenario1. Moreover, it is a

strongly-coupled system which differs considerably from QCD, but that we have

not completely theoretically understood.

With our investigation of the Nf = 8 theory, we are pursuing two main goals.

On one hand, we want to use numerical lattice simulations to determine the presence

of a light flavor-singlet scalar state in the massless limit of the theory, since this is a

major experimental constraint for the theory to be a viable composite Higgs model.

On the other hand, we want to study this theory per se in order to gain insights on
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the dynamics of strongly-coupled theories near the edge of the conformal window.

So far there have been a handful of lattice results for the SU(3) gauge theory

with Nf = 8 massless fermions and they will be discussed and referred to in the next

sections. We will show that we are able to improve over existing studies by using

lighter fermion masses and larger volumes. This is a first step towards exploring the

limit of massless fermions with controllable systematic and statistical errors. We

remind the reader that all results presented in the following come from a preliminary

and still incomplete study.

2. Lattice setup and scale setting

For our investigation we use the same quark and gauge action of previous US-

BSM studies2 focused on the spectrum, and previous works of the Boulder group3

focused on the non-perturbative beta function. The quark action includes two

species of degenerate nHYP-smeared staggered quarks with smearing parameter

α = {0.5, 0.5, 0.4} and bare mass mf to describe eight degenerate flavors in the

continuum theory. The SU(3) gauge action includes a fundamental and an adjoint

plaquette term with lattice couplings related by βF = −4βA. The main advantages

of this action are the cheaper computational cost with respect to the HISQ action

while maintaining a good control over taste-splitting effects, and the possibility of

exploring stronger couplings.

The strongest coupling that can be simulated with this action is however limited

by the presence of a lattice bulk phase transition. A recent finite-temperature study

with the same setup has shown that big volumes are necessary to reach the chiral

limit at strong couplings, while remaining in the correct confined phase4. For this

reason, we choose a lattice gauge coupling βF = 4.8 that is stronger than the one

used in a previous USBSM study2 (βF = 5.0) but still outside the bulk lattice phase.

We simulate hyper-cubic lattices L3 × T with L = 24, 32, 48, 64 and T = 2L at

small masses 0.00889 ≥ mf ≥ 0.00125. The numerical simulations of this large-

volume and small-mass study are handled by the QHMC code that is part of the

FUEL project5 and optimized for the BlueGene/Q architecture.

As a first step we monitor the energy E and the topological charge Q evolution

at different Wilson flow times6. These gauge observables are used to get a quan-

titative idea of the quality of the ensembles in terms, for example, of topological

tunneling and autocorrelation times. We observe frequent tunnelling between dif-

ferent topological sectors, even at our lightest quark mass, which is a reassuring

sign of ergodicity in the HMC dynamics. This is shown in the left panel of Fig. 1.

We use the energy measurements E(t) along the Wilson flow to define a lattice

scale t0 which is the Wilson flow time satisfying the following equation: t2〈E(t)〉 = c,

where c = 0.3 is chosen for reference in the following. The choice of c is arbitrary

and depend on the system under scrutiny. One interesting observation is that the

scale t0 is heavily dependent on the fermion mass mf , contrary to the behavior

observed at lower number of flavors.
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The same lattice scale t0 is defined on the USBSM ensembles at βF = 5.0 and

plotted in the right panel of Fig. 1. By defining a reference length aref =
√

8t0
and using dimensionless observables like arefMπ we will compare the spectrum from

different ensembles. Moreover we will add results obtained with the HISQ action7

to the comparison.

Fig. 1. Left panel: topological charge evolution on the L = 64 T = 128 mf = 0.00125 ensemble
measured at Wilson flow time tWF = 128 corresponding to a smearing radius of

√
8tWF = L/2.

Right panel: lattice scale t0 for our βF = 4.8 ensembles and for the USBSM ensembles at βF = 5.0.

There is clear evidence of a strong fermion mass dependence, which is absent in simulations with
Nf = 2 or 4.

3. Exploring the connected spectrum towards the chiral limit

For all fermion masses at βF = 4.8 we collect more than O(10000) unit-length HMC

trajectories, except for mf = 0.00125 at L = 64, where we are only able to generate

∼ 2000 trajectories due to limited computational resources at this time. The lattice

volumes and masses are chosen with MπL ≥ 5.3 to keep volume effects under control

and still be able to reach very light quark masses with available resources.

For the first time we are able to explore, on large volumes, a region of fermion

masses where the vector meson (ρ) is heavier than twice the pseudoscalar meson

(π) while previous state-of-the-art simulations with the HISQ staggered action8 and

more costly domain-wall-fermion simulations9 could only achieve Mρ/Mπ . 1.5.

This is a needed and very important step forward in order to understand

the long-distance behavior of this gauge theory towards the chiral limit, where

Mρ/Mπ → ∞ if chiral symmetry is spontaneously broken as in QCD. A clear pic-

ture of the progress in this direction is reported in the left panel of Fig. 2, where

we collect our results at βF = 4.8, together with the ones from the nHYP study

at βF = 5.02 and from a HISQ study8. We are able to compare on the same

plot different coupling constants for the nHYP action, as well as different lattice

discretization, thanks to a commonly defined reference scale aref (see previous sec-

tion) which we use to rescale the bare fermion mass mf . The same plot includes
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the value of Mρ/Mπ for a SU(3) gauge theory with Nf = 1210 which is known

to have an infrared-conformal fixed point11 and displays hyperscaling when it is

mass-deformed such that all mass ratios are constant in the massless limit where

all scales disappear.

The right panel of Fig. 2 shows a summary of the connected spectrum on all

our ensembles. The lightest state is the pseudoscalar one, followed by the non-

singlet scalar a0 which becomes degenerate with the vector at large fermion masses.

Heavier states include the axial-vector meson a1 and the nucleon N .

Fig. 2. Left panel: The ratio Mρ/Mπ would diverge in the massless limit of a chirally broken
theory. Here we collect this ratio for different gauge couplings and lattice actions, using a rescaled

bare fermion mass arefmf that allows for a direct comparison. The value of the same ratio which

is constant for a Nf = 12 theory is also shown for comparison. Right panel: The spectrum of
connected two-point functions for all the fermion masses and volumes investigated in this study

includes the pseudoscalar, vector, scalar, axial-vector and nucleon states.

4. The flavor-singlet scalar channel

One of the most interesting spectroscopic observables in the SU(3) gauge theory

with Nf = 8 flavors is the study of the flavor-singlet scalar channel, where a particle

with the same quantum numbers of the Higgs boson (0++) has been found to be

as light as the pseudoscalar π state7. Such a 0++ state happens to be dynamically

light in other gauge theories with a variety of different number of flavors12,13 and

even fermion representations14–16 for SU(3) and SU(2): the common feature among

these theories is that they are all close or inside the conformal window, where their

beta function would have a non-trivial infrared conformal fixed point.

Studying the 0++ channel requires extra care due to the non-zero overlap with

the gauge vacuum fluctuations and the presence of disconnected contributions.

From previous QCD studies, it is known that a larger amount of gauge config-

urations is needed compared to the connected correlation functions. Moreover,

specific techniques to reduce the computational cost associated with disconnected

diagrams have to be employed. There has been a great deal of development in
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computing all-to-all fermionic propagators needed for this type of calculations and

in particular we use U(1) full-volume stochastic sources with full dilution17 in time

and color, and with even-odd dilution in space. The scalar interpolating operator

OS(t) = ψ̄ψ(t) used in our measurements and the technical details of constructing

its correlators are the same used for a companion project13.
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Fig. 3. A fit to the 2D(t) − C(t) and 2D(t) correlators for L = 24 and mf = 0.00889 using the

function in Eq. (3) and for different fitting windows [tmin, T/2].

Let us define two primary correlation functions, C(t) and D(t), which represent

the fully-connected correlator and the vacuum-subtracted disconnected correlator

respectively. While the connected C(t) correlator contains contributions from non-

singlet states, the disconnected D(t) one contains only singlet contributions. Due

to the staggered nature of the fermionic operators, both scalar correlation functions

couple to the respective pseudoscalar parity-partner as well. However, if the σ

state is the lightest flavor-singlet 0++ state in the spectrum, the following two

combinations will feature an asymptotic large-time behavior dominated by Mσ:

S(t) ≡ 2D(t)− C(t) ≈ cσe
−Mσt when t→∞ (1)

2D(t) ≈ cσe
−Mσt when t→∞ , (2)

where the factor of two in front of D(t) represents the number of staggered species.

We fit both S(t) and 2D(t) with the following fit function

F (t) = c0++ coshM0++(t− T/2) + (−1)t c1 coshM1(t− T/2) + v0 , (3)

that includes a primary state with mass M0++ , a parity partner state with mass

M1. We also include a free constant parameter v0 representing our inability to

precisely resolve the vacuum contribution in D(t) with our limited statistics, in

particular at large temporal distance. The plot in Fig. 3 shows how M0++ depends

on the window of time-slices [tmin, T/2] considered in the fit for both correlators.

When contributions from excited states at low tmin are removed, we note that S(t)

and 2D(t) contain a propagating ground state with the same mass: this mass is

identified as Mσ. This comparison is reassuring and it provides, a posteriori, a
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justification for using, in the following, the results coming from 2D(t) given that

this correlation function appears to be less contaminated by excited states and with

a smaller statistical error.

In Fig. 4 we show a summary of Mπ, Mσ and Mρ on our ensembles. In the

left panel, these masses are compared to the 2Mπ threshold: for all masses but the

lightest two, the ρ is below threshold, while σ is always below threshold. Moreover,

at light fermion masses, the σ meson has a mass compatible with the pseudoscalar

one, except for the lightest one where calculations have not yet been performed. This

particular result confirms previous observations by the LatKMI collaboration7 and

a comparison is shown in the right panel of Fig. 4, using a common reference scale.

It is clear that this work explores a regime with considerably lighter fermions.

Nonetheless a light flavor-singlet scalar continues to be a prominent feature of the

spectrum. Whether this feature survives in the massless limit is one of the major

questions we are addressing using the large computational resources at our disposal.

However, going to lighter fermion masses requires a significant increase in CPU time

and might not be feasible.

Fig. 4. Left panel: The low-lying spectrum of the eight-flavor theory, including the pseudoscalar

π, the vector ρ and the 0++ flavor-singlet scalar σ state. The dotted line represents the 2π

threshold. Dashed lines are for illustration purpose only and guide the eye toward the massless
limit of the theory. Right panel: Comparison, in aref units, between the π, ρ and σ masses

in this work with nHYP fermions (LSD) and in the work with HISQ fermions7 (LatKMI). The

pseudoscalar mass is used as an indication of the distance from the massless limit. Solid lines are
π, dotted lines are ρ and triangles are σ.

5. Conclusions

With the goal to shed light on the Nf = 8 SU(3) theory as a phenomenologically

viable composite Higgs model and to understand its low-energy dynamics, the LSD

collaboration is pursuing large scale simulations of the zero-temperature hadron

spectrum with emphasis on the flavor-singlet scalar particle. While the results pre-

sented in the previous sections are still preliminary, it is outstanding that a unified

picture is beginning to emerge by combining efforts from different collaborations.
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There are still unanswered questions ranging from the behavior of the non-

perturbative beta function with massless quark, to the fate of the σ particle in

the chiral limit, as well as the existence of a finite-temperature phase transition.

Our future plans, beside completing the analyses presented here, include a careful

comparison of the scalar spectrum and of the beta function with Nf = 4, which is

our template for QCD. Moreover, we want to expand our previous study9 of the S

parameter to investigate the electroweak constraints on this theory in the massless

limit.
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